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Abstract-The isotopic composition of sulfates sampled throughout a complete evaporite sequence has 
contributed to the understanding of the evolution of the Southpyrenean Upper Eocene basin. The 6”s and 
S “0 values appear to be constant in thick segments of the sequence. This pattern is clearly different from 
the continuous decrease in S values predicted by the evaporation processes in a closed system. The observed 
trend of the 6 34S and 6 I80 values can be successfully modeled by an evaporation process in an open system, 
where steady state conditions are reached, separated by periods of significant changes in the hydrological 
regime of the basin. Moreover, in the segments of the sequence where they are constant, the 634S and 5 I80 
values help to constrain the hydrological parameters of the model. 

A first marine stage of the evolution of the basin corresponds to the formation of the Basal Anhydrite 
and Lower Halite Units. The mineral sequence corresponds to evaporation in a basin with a progressive 
degree of restriction and evaporation compensated by equal inflow of major marine origin. The sharp 
decrease in the 6”s and particularly the 6180 values, recorded at the end of the Basal Anhydrite Unit, 
illustrates a limited reservoir effect produced by the increase of restriction leading to the halite precipitation. 
The modeling of the constant isotopic values through the Lower Halite Unit confirms the isotopic com- 
position of Eocene marine dissolved sulfate (b3?S = +20.0%0; 6”O = +8.7%0) deduced from the average 
values of marginal gypsum. 

The second continental stage of basin evolution corresponds to the formation of the Potash Unit and the 
Upper Halite Unit. The mineral sequence and lateral extension indicate that the basin evolved with a 
decreasing brine volume after disconnection from the sea. The dilution of the residual brine stopped the 
precipitation of camallite, and the basin then evolved as a perennial endorreic lake with continental recharge 
replacing evaporation. The sharp decrease in the 634S and 6r80 values in the sylvite member is consistent 
with the massive precipitation of sulfate occurring during the decrease in the volume of water. The 6 values 
of the sulfates intercalated in the camallite and the Upper Halite Unit indicate the influence of the recycling 
of both the already deposited Upper Eocene sulfates and the Upper Triassic sulfates carried by continental 
recharge. The constant S34S and S”O values from the uppermost half of the Upper Halite Unit is used to 
constrain the sulfate source as 80% recycled Upper Triassic and 20% recycled Eocene gypsum. 

INTRODUCTION 

The isotopic composition of sulfates from marine evaporite 
series has been used to constrain the variation through time 
of S34S and 6 I80 of sulfate dissolved in the oceans on a world- 
wide scale (Nielsen and Ricke, 1964; Thode and Monster, 
1965; Holser and Kaplan, 1966; Claypool et al., 1980). The 
variation in S34S of sulfates through time is a consequence of 
large scale transfer from different sulfur reservoirs and reflects 
the sulfur global cycle (Holser and Kaplan, 1966; Nielsen et 
al., 1991). Since the earliest extensive isotopic studies, two 
facts have arisen: ( 1) older evaporites can be dissolved and 
deposited into younger evaporite basins and (2) the isotopic 
composition of sulfates intercalated in evaporite series shows 
a trend to lighter 6’4S values in highly evaporated facies. 
Some of the first studies concerning the effect of evaporite 
recycling are those from Nielsen ( 1972) that interpreted the 
634S of sulfates in the Rhine graben as the influence of older 
evaporites. Bimbaum and Coleman ( 1979) also used 634S val- 
ues to interpret the origin of Oligocene continental evaporites 
from the Ebro Basin as being recycled from Triassic evapo- 

rites. More recently, Fontes et al. (1991) and Utrilla et al. 
( 1992) have shown that coupling S34S and 6”O is a useful 
tool in detecting the recycling of older evaporites. 

Sulfates intercalated with highly evaporated facies have 
634S values lighter than evaporite facies that precipitated dur- 
ing initial evaporation stages. There is not an agreement re- 
garding the cause for such a decrease in the isotopic compo- 
sition in the previous literature. Nielsen and Ricke (1964) 
interpret it as a consequence of diffusion in a salinity-stratified 
basin, while Holser and Kaplan (1966), Nielsen (1972, 
1978), and Claypool et al. (1980) propose the decrease to 
result from sulfur isotope fractionation during crystallization 
in a closed system that follows a Rayleigh-like process with 
a fractionation factor slightly higher than one (o = 1.00165, 
calculated by Thode and Monster, 1965). Raab and Spiro 
( 1991) suggested this explanation to be valid up to the end 
of the halite facies only, and proposed from experimental data 
an cy value slightly higher than 1 for the sulfur of anhydrites 
from the halite field. Moreover, the last authors suggested a 
fractionation factor lower than 1 for the sulfur of minerals 
precipitating in the highly evaporated facies. 

1799 



1800 C. Ayora et al. 

50 km 

RA ~:.~.~::::: 

Allochlonous units of the Pyrenees (Mesozoic and Cenozoic) 

Eocene Soulhpyrenean Foreland Basin * Torrent de Calaf section 

Upper Eocene marine evaporiles Q Bium3n borehole 

FIG. 1. Main areas with outcropping or mined evaporite deposits 
from the Upper Eocene basin of the Southpyrenean Foreland: (1) 
Catalonia depocenter and (2) Navarra depocenter. The map shows 
also the location of Biurmn borehole and the Torrent de Calaf section 
where the marginal evaporites have been sampled. 

Within the same evaporite basin a variation in h3% and 
6’*0 values of sulfates is also expected as result of the recy- 
cling of older evaporites or from oxidized sulfides cropping 
out in the source area of the basin, together with the effect of 
fractionation during precipitation and the possible effect of a 
change in the fractionation factor at the onset of precipitation. 
The dispersion of the S I80 values of sulfate will be enhanced 
when redox processes occur in the evaporite basin itself 
(Pierre, 1985, 1989), as oxidation of sulfide depends both on 
the molar fraction and on the 6l*O values of water and dis- 
solved oxygen (Taylor et al., 1984; Van Everdingen and 
Krouse, 1985; Fritz et al., 1989). Therefore, the wide varia- 
tion in isotopic data from a single evaporite basin may be a 
record of different physicochemical processes that makes dif- 
ficult ( 1) the recognition of each one of these processes and 
(2) the adscription of an evaporite deposit to a certain age 
according to the accepted age curves of sulfur and oxygen 
from Holser and Kaplan (1966) and Claypool et al. ( 1980). 

This paper presents the results of coupling a numerical 
model to the isotopic composition variation of sulfates inter- 
calated in an evaporite sequence that includes highly evapo- 
rated facies. Unlike previous calculations of isotopic varia- 
tions with evaporation progressing in a closed system, the 
model is based in a hydrologically open basin where evapo- 
ration and recharge from different sources take place simul- 
taneously. This new approach is able to reproduce the thick- 
nesses of the different mineral facies in the sequence. It has 
also been successfully applied to model the evolution of the 
major solutes of the brines trapped as fluid inclusions in halite 
from the same sequence studied here. The reader is referred 
to this previous work (Ayoraet al., 1994) for a more complete 
description of the geochemical features and calculations. 

GEOLOGICAL SETTING 

The Southpyrenean Eocene Foreland Basin was an east-west elon- 
gated trough that was connected to the open sea at its northwestern 
edge (Fig. 1). The Paleogene sediments infilling the basin show a 
record of marine (deltas and reefs) to continental (lacustrine and 

alluvial) environmental evolution. The transition between marine and 
continental facies associations occurred in the Upper Eocene when 
evaporites were deposited (gypsum-anhydrite, halite, and potash fa- 
ties). Two main evaporite depocenters developed: the Catalonia de- 
pocenter at the eastern sector of the foreland and the Navarra depo- 
center, 300 km to the west (Fig. 1). The Upper Eocene sediments 
corresponding to the central part of the basin between the two de- 
pocenters are covered by the Southpyrenean thrust-sheets, and bore- 
hole data in that sector are lacking. However, a connection of the two 
evaporite depocenters has been suggested by different authors ever 
since the first hypothesis of Puigdefibregas ( 1975). The detailed 
petrographical and geochemical correlation of the evaporite se- 
quences of Catalonia and Navarra has been considered proof that both 
depocenters belong to a unique evaporite basin (Pueyo, 1975; Rosell, 
1983; Busquets et al., 1986). 

Evaporites crop out in the basin margins (mainly in the eastern 
and southeastern sectors of the Catalonia depocenter), where it is 
possible to determine the vertical and lateral relationships with other 
related sediments. Above reef carbonates and deltaic marls, sedi- 
ments crop out showing progressive restriction of the basin: anoxic 
marls, stromatolites, and evaporites (gypsum and anhydrite). In the 
margins of the basin the gypsum/anhydrite series averages about 20 
m thick. It is formed by secondary gypsum at the surface and anhy- 
drite in buried series. Selenite pseudomorphs are usually preserved 
in the lower part of the series, while the upper part is made of gypsum 
breccias and gypsarenites. 

The central evaporite series are accessible in mine works and some 
boreholes for potash exploration. This evaporite sequence is formed 
by a Mg-sulfate free mineral paragenesis. The sequence is 300 m and 
150 m thick at the centers of the Catalonia and Navarra basins, re- 
spectively. The borehole of Biurrun, located in the Navarra basin 
(Fig. 1 ), was selected for a detailed study due to the following rea- 
sons: ( 1) the continuity of the record of the complete evaporite se- 
quence and (2) the previous available information on lithofacies and 
geochemical evolution of fluid inclusions throughout the section. Due 
to its marginal location with respect to the Navarra evaporite depo- 
center, the sequence is reduced in thickness. The following units from 
base to top are distinguished (Fig. 2). 
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FIG. 2. Stratigraphic sequence cored at Biurrun borehole. The lo- 
cations of samples in Table 1 are indicated on the right. 
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1) The Basal Anhydrite Unit: It is made up of laminated anhydrite, 
some 1.3 m thick, located above marine anoxic marls. 

2) The Lower Halite Unit: It is composed of 20 m of massive coarse- 

3) 

4) 

grained halite displaying a banded structure (sensu Dellwig, 
1955) It is formed by alternating white and dark halite layers 
(cm thick) with abundant hopper crystals. Minor amounts of an- 
hydrite and polyhalite are found along the grain boundaries of 
halite distributed throughout the unit. 
The Potash Unit: It is formed by a lower sylvite member and an 
upper carnallite member. The lower sylvite member is mined for 
potash. In the Subiza mine, close to Biurrun, the sylvite member 
is made up of 2 m of alternating centimeter-scale bands of halite 
and sylvite and millimeter-scale bands of dark clays. Minor 
amounts of anhydrite also exist. In the Biurrun borehole, how- 
ever, the sylvite member constitutes 2 m sylvite-cemented halite 
crystals. Anhydrite is dispersed, or in thin laminae in the halite. 
The camallite member is made of about 10 m of alternating beds 
(tens of centimeters thick) of camallite and thinner halite, an- 
hydrite and clay horizons. Camallite is reddish in color, coarse 
grained, and usually brecciated. 
The Upper Halite Unit: It is constituted by 50 m of alternating 
halite and clays. The lithofacies is similar to that described for 
the Potash Unit, but the potash minerals are absent and the clay 
beds are thicker. Anhydrite laminae are found interbedded with 
the clay and halite beds. The clay intercalations are reddish in 
color. 

ANALYTICAL METHODS AND RESULTS 

The isotopic composition has been measured in thirty-seven sam- 
ples of sulfates from the basal anhydrite and those intercalated in 
other lithofacies throughout the Biumm borehole. Six further samples 
of a marginal evaporite series have also been analyzed to provide a 
marine reference. The marginal evaporite samples have been taken 
from the Torrent de Calaf section, near the eastern boundary of the 
basin (Fig. 1). This section comprises 15 m of selenitic gypsum, 
together with laminated gypsum and gypsarenites. The six samples 
analyzed were collected systematically throughout the selenitic fa- 
ties. 

Sulfate samples were dissolved in boiling distilled water. The so- 
lution was then filtered and BaS04 precipitates were obtained by 
adding BaClz.2HZ0 0.2 N, in acid media. The isotopic composition 
of sulfates has been obtained from the BaS04 precipitates. The ox- 
ygen isotopic composition of sulfate has been determined according 
to the method of Longinelli and Craig ( 1967)) and that of sulfur after 
that of Filly et al. ( 1975). The COZ and SO2 gas obtained through 
each method was analysed with a triple collector Sira 9 Isogas mass 
spectrometer. The results are presented in the classical 6180%o 
SMOW notation for the oxygen and ~?S%O CDT for the sulfur. Re- 
producibility of samples and precision, calculated from standards sys- 
tematically interspersed in the analysed batches, is better than ?O. 1%0 
for both sulfur and for oxygen. 

The result of the analyses are presented in Tables 1 and 2, and are 
plotted in Fig. 3. The 6 values are widely scattered, suggesting a 
record of different geochemical processes. In spite of this variation, 
some distinct isotopic signatures correspond to particular stages of 
the evaporite sequence. The marginal sulfates cluster in a distinct 
area (Fig. 3), corresponding to values of +21.9%0 > h3“S > +20.8%0 
and +12.9 > 6”O > + 11.4%0. This cluster agrees with the usually 
accepted values for marine Tertiary sulfates (Holser and Kaplan, 
1966; Claypool et al., 1980) and with the values recorded by Utrilla 
et al. ( 1992) among the marine Paleogene sulfates from Spain. 

The sulfates from Biumm borehole show a wide variation of 6 
values. The interpretation of this dispersion is not apparent from Fig. 
3. The lowermost part of the Basal Anhydrite Unit show values 
higher than the marine Tertiary gypsum. The uppermost samples 
from the basal anhydrite bed (+21.3%0 > 6?S > +20.8%0; + 11.4%0 
> 6180 > + 10.0%0) are, however, slightly depleted in heavy isotopes 
relative to the composition of marine Tertiary sulfates. Lower 6 val- 
ues are recorded in samples from the Lower Halite and Potash Units 
(+21.3%0 > 6?S > +18.1%0; +10.2%0 > 6”O > +8.2%0). Samples 
of sulfates from the Upper Halite Unit show a wide variation which 
reaches about 10%0 for the 6j4S values and only 2%0 for the S180 

values (+23.6%0 > 6?3 > +12.9%0; +11.9%0 > 6180 > +9.8%0). 
The lowest 6 values measured, which correspond to the uppermost 
part of the Upper Halite Unit, are in agreement with the isotopic 
composition of Upper Triassic sulfates. 

NUMERICAL MODEL 

The geochemical evolution of the evaporite basin was simulated 
using the conceptual model of a hydrologically open basin proposed 
by Sanford and Wood ( 1991). The main principle supporting the 
calculations is the conservation of the volume of the brine: 

$ = Qsw + QRW - QL - QE; 

and the conservation of the mass of every solute i: 

Wc,) 
- = QSWCSW + QRWCRW - QLC, - $, Uji 2 dt 

i= l,...,N,, (2) 

where c, is the concentration (mol/L solution) of the ith solute in a 
basin filled with V liters of water (Fig. 4); Qsw and QRw are the 
water inflows (L/time unit) from the sea and continent (rivers and 
groundwater); Qa is the outflow due to evaporation; QL the outflow 
due to reflux to the sea or leakage to aquifers; dm,ldt is the amount 
(mol mineral/time unit) of the jth mineral formed; vji is the stoichio- 
metric coefficient of the ith solute in the jth mineral; N, is the number 
of solutes; and NM the number of minerals present in the system. The 
last term in Eqn. 2 is the total amount of solute (mol/time unit) 
precipitated in mineral phases. The QL value is a measure of the 
degree of restriction of the basin to the sea, and ranges from a com- 
pletely closed system ( QL = 0) to a system completely open to the 
sea (QL = Qsw + Qaw). The model assumes variable proportions of 
Qsw , Qa.+, , and QL, whereas the composition of sea and river waters, 
csw and cRw , were considered constant (Table 3 ) The values of csw 
were taken from an average of seawater contents (Holland et al., 
1986). Instead of a world average of rivers, the values of caw were 
assumed equal to the solute content of Guadalentin river, southeast- 
em Spain (MOPU, 1990), due to its recharge area being constituted 
by carbonates, clays, and evaporites, lithologies similar to those 
forming the Pyrenean sedimentary cover. 

The basin is assumed to have generally evolved with a constant 
volume of water (Qsw + QRw)/(Qa + Qc) = 1). Thus, the evapo- 
rated volume of water was replaced by an equal volume of seawater 
or continental water, and complete mixing was assumed. In some 
particular cases, however, the evolution of the basin has been mod- 
eled with the volume of the basin varying continuously (( Qsw 
+ QRw)/( Qa + QL) = A f 1; AVlV = (1 - A) x number of basins 
evaporated). 

The thermodynamics of chemical equilibrium is used to calculate 
the molar quantities of precipitating phases, and the concentration of 
every solute in the brine. Thus, a system of N, mass balance equations 
and NM mass action law equations can be established (Crerar, 1975). 
Details of the numerical solution of the equations can be found in 
Ayora et al. ( 1994). The model describing the thermodynamic be- 
havior of ions in highly concentrated brines is based on the Pitzer 
ion-ion interaction model. The thermodynamic parameters and the 
mineral saturation constants at 25°C were taken from Harvie et al. 
(1984). 

The molar amounts of mineral precipitated are transformed into 
meters of sediment per unit of surface using the molar volume of 
minerals. In order to compare with the stratigraphical record, porosity 
was assumed to be zero. The calculations are normalized for 1 m 
depth of water. The thickness of sediment deposited is directly ob- 
tained by multiplying the result of the calculation by the depth of the 
brine (in meters) assumed in the basin. This depth represents the 
water directly involved in the evaporation/precipitation process and 
is called here the effective depth. The real depth of water in the basin 
may be either equal or higher and it cannot be inferred directly from 
the model. 

The 6180s and 6?‘& values of the sulfate in the brine were cal- 
culated using the mass balance constraints of Eqns. 1 and 2: 
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Table 1. Isotopic composition values of sulfates from Biurrun borehole. The location 
of the sample in the borehole has been represented as meters below the surface. The 
real thickness of the evaporite sequence has been obtained after subtracting the 
thickness of elastics. The samples have also been located with respect to the real 
thickness from the bottom of the sequence. 

Evaporite unit Sample Depth(m) Real thickness(m) 6% “luu CDT ?%&o SMOW 

Upper halite 19 -375.50 49.25 +12,9S +11,60 
22 -37x,00 47.85 +13,55 +10,91 
30 -38S,Cu 45,35 + I4,54 +1 I,04 
32 -387,67 43.90 +14,92 +11,3X 
21 -39O.W 42J.5 +14,X8 +I],11 
18 -392,80 40,65 +15,21 +]I.17 
20 -393.40 3x,95 +lS,38 +10,95 
17 -395.70 37,25 +14,x +lO,Y7 
I 0 -3Y7,W 36.50 +17,29 +11,28 
3x -39X.70 35.4s +18,0X +l I ,X7 
14 -3YY,75 34.80 + I x,00 +10,26 
40 -400.85 34.00 +lY,l3 +I 1.43 
IS -402.50 33.60 +I’),27 +9,88 
dl -403.47 32.30 +23.55 +11,66 

Sylvite 

44 -404.90 32.15 +19.39 +8,48 
14 -405,wl 32.00 +18,17 +8,53 
46 -405.45 31,90 +21,31 +10,16 
I3 -407.80 30,20 +1x.12 +9,39 
4x -4 12.63 26.30 +?O.l5 +9,20 
49 -4l3,27 25.60 +?O,Ol t&36 

Lower halite IO 

8 

-413,80 
-414.00 
-414.20 
-4lS.Ol~ 
-415.35 

-4lh.W 
-4 17.50 
-419.30 
-427.SO 
-433.w 
~4l6.20 

where csW. cRW, and cs arc the sulfate concentrations (mol/L), and 
6 %w , 62JSR,, and 6 ?jB are the isotopic composition of sulfate in 

Table 2. Isotopic composition values of 

selenites from the Torrent de Calaf section. 

Sample 634S “/MI CDT ~1800/, SMOW 

TC- IOA +21,66 +11,48 
TC-9B +21,88 +12,43 
TC-7B +21,94 +12,92 
TC-7A +21,55 +12,76 
TC-8B +21,62 +11,40 
TC-6H +20,85 +12,00 

25,lO +20.6X 
24,90 +19,66 
24,70 +19,5x 
23.90 +lY,86 
23.50 +2l,lY 

22.90 +20.93 
2 I .40 +20.26 
19.60 +20,07 
11,40 t20.24 
5.40 +20.24 
2.70 +lY.Y7 

~8.23 
+Y,O7 
+8,5 1 
C&77 
+Y.16 

+9,50 
+9,65 
+9,56 
19.44 
+Y,35 
+Y.21 

i-l I.43 
+ IO.87 
+ 10.05 
+I I .x 
i 13.04 
+ 13.24 

the seawater, the continental water, and the basinal brine. respec- 
tively; dmldr are the molar amounts of thejth mineral formed, V, is 
the stoichiometric coefficient of SO4 in thejth mineral, and 6“‘S, is 
the isotopic composition of the jth mineral. An analogous equation 
can be made for d “0 values. The 6 “S, and 6 “0, values of the min- 
eral are explicitly calculated from the 6 “Sr, and 5 “0s values and the 
enrichment factors of A”S,,,,., and A’80,,,.8 of + 1.65 and +X.5, 
respectively (Thode and Monster, 1965; Lloyd, 1968). 

DISCUSSION OF RESULTS 

The Isotopic Composition of Upper Eocene Marine 
Sulfates 

The isotopic composition of the samples from the marginal 
sulfates (selenitic facies) plots in a well-constrained group 
with average values of b’% = +21.6 + 0.4%0 and 5’“O 
= + 12.2 + 0.6% (klo). These values are within the esti- 
mated range of variation of the Upper Eocene marine sulfates 
presented in the isotope age curves by Claypool et al. ( 1980). 
However, the values from the marginal sulfates hereby dis- 
cussed are slightly heavier than the b “‘S values from Eocene 
evaporite samples analyzed by Thode and Monster ( 1965) 
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PIG. 3. Plot of the isotopic composition of sulfates from the Biumm 
borehole and the Torrent de Calaf section. 

[ + 18.4 to +22.1] and Claypool et al. ( 1980) (+10.9 to 
+ 19.9, with an extreme value of +25.5). Regarding oxygen, 
the marginal sulfates from the Torrent de Calaf section display 
6 values lower than the best estimated values (about + 14%0) 
for the oxygen isotope age curve presented by Claypool et al. 
( 1980). The isotopic composition dataset for middle and up- 
per Eocene sulfate has been recently improved by Utrilla et 
al. ( 1992) with samples from the southern Pyrenean foreland. 
Their results give average values of S”S = +21.4 + 0.4%0 
and 6 I80 = + 12.6 5 0.9%0 for Middle Eocene evaporites and 
b3?S = +21.5 + 1.2%0andS’80 = +11.7? l.O%oforUpper 
Eocene evaporites. This range of values is in good agreement 
with those for the marginal sulfates from the Torrent de Calaf 
section. Therefore, the mean 634S and 6180 values for mar- 
ginal sulfates analyzed in the present study have been used to 
calculate a representative isotopic composition of the sulfate 
disolved in the Upper Eocene seawater: 634S = +20.0%0 and 
SL80 = +8.7%0. 

Sulfate Isotopic Composition During Basin Restriction 

Basal Anhydrite Unit 

In order to simulate the formation of the Basal Anhydrite 
Unit, an initial solution with the composition of seawater was 
evaporated with seawater replacing the evaporated water 
( Qsw = Qn + Qr; QRw = 0). A certain restriction of the basin 
is required for evaporite minerals to form. According to sol- 
ubility calculations first carbonates, followed by gypsum, an- 
hydrite, and finally halite are predicted to precipitate as evap- 
oration progresses. However, in a completely restricted basin 
(QJQr = 0) unrealistically low amounts of each mineral 
precipitate previous to the next soluble mineral. It appears that 
the evaporation of seawater in the described open basin with 
QL/QE values close to 0.13 is the most reliable mechanism to 
form the 1.3 meter-thick anhydrite layer observed in the Biur- 
run sequence. With this restriction value the basin reaches the 

steady state composition and sufficient amounts of anhydrite 
(and minor carbonate) precipitate. Higher QJQs values lead 
to carbonate + gypsum or carbonate as the only minerals to 
form, whereas lower QJQn values lead to the formation of 
halite when only minor amount of anhydrite is formed. 

As a result of evaporation in the above described scenario, 
the evolution of the calculated b3?S and 6”O values of an- 
hydrite is controlled by the composition of seawater sulfate 
(Fig. 5 ) . The two lower samples of the Basal Anhydrite Unit, 
however, display S34S and 6 I80 values higher than predicted. 
Bacterial sulfate reduction processes taking place on the bot- 
tom of the basin may account for such isotopic enrichments. 
Thus, the ratios of enrichment ( A34S/A 180) of these two 
samples with respect to the average of isotopic composition 
of the marginal evaporites are 1.5 and 2.5. These values are 
included in the range of enrichment ratios found for bacterial 
reduction processes in laboratory and natural environments 
(Rafter and Mizutani, 1967; Mizutani and Rafter, 1973). An- 
other alternative explanation for the heavy 634S and 6180 val- 
ues of the two lower samples of the Basal Anhydrite Unit 
would be that the isotopic composition of seawater sulfate was 
higher than assumed. This hypothesis, however, would lead 
to 6 values of the precipitates being unrealistically high com- 
pared with the b values of sulfates from the entire sequence 
at the margins and evaporite depocenter. 

The Lower Halite Unit 

The continuation of the evaporation process described 
above would lead to the indefinite deposition of anhydrite. 
Hence, a change in the hydrological conditions of the basin, 
i.e., an increase of the restriction degree (QJQn < 0.13), is 
required to precipitate the Lower Halite Unit. To simulate 
such a process an initial brine with the composition equal to 
that resulting from the precipitation of anhydrite was evapo- 
rated with seawater flowing into the basin in order to keep the 
total volume constant ( Qsw/( Qn + QL) = 1; Q&( Qn + Qr) 
= 0). The following mineral sequence is then predicted: car- 

(4 

FIG. 4. Conceptual model of the input and output flows in an hy- 
drologically open evaporite basin: (a) Open to the sea (Basal Anhy- 
drite and Lower Halite Units), (b) Endorreic (Potash and Upper Halite 
Units). Legend: Qsw = seawater inflow; Qro., = continental water 
inflow; Q, = outflow by reflux and leakage to aquifers; Qr = evap- 
oration outflow. 
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bonates + anhydrite + halite, and later polyhalite, which is 
consistent with that observed in the Lower Halite Unit. In 
order to explain the sulfate depletion measured in fluid inclu- 
sions and the subsequent formation of sylvite instead of Mg- 
sulfates, a small amount of a hypothetical CaClz-rich brine 
has also been assumed to flow into the basin. 

As explained in detail in Ayora et al. ( 1994)) values of QJ 
QE between 0.1 and 0.02 lead to the precipitation of halite 
+ anhydrite + carbonates in a steady state brine composition. 
Values of Qr_/QE lower than 0.02 lead to the precipitation of 
the observed thickness of the Lower Halite Unit previous to 
sylvite only if an effective depth of water of 25 m is assumed 
in the basin. Values of QJQE decreasing from 0.1 to 0.0, as 
expected from the reduction in porosity of the sediments on 
the bottom of the basin, are also possible. Therefore, values 
of QLIQE ranging from 0.1 to 0.0 give similar mineral asso- 
ciations. 

The calculated evolution of the fi3?S and 6 “0 values under 
the conditions described above is very similar regardless of 
the value of QL/QE (Fig. 5 ). The increase in the degree of 
restriction leads to the precipitation of anhydrite, not com- 
pensated by the recharge, and to a drop in the calculated S'% 
and 6 ‘“0 values (limited reservoir effect) This effect is well 
recorded in the four samples from the uppermost tive centi- 
meters of the Basal Anhydrite Unit. The ratios of enrichment 
(A “‘S/A ‘*O) of the four samples with respect to the average 
isotopic composition of marginal sulfates plot very close to 
+0.45. This value is coincident with that theoretically calcu- 
lated (+0.47) for crystallization with the enrichment fac- 
tors used here (A 34S,,,meral_So4 = + 1.6.5%0; A ‘*Ormneral_soa 
= +3.50%0), and confirms that the observed trend in the bX4S 
and S’*O values may be due to mineral crystallization. 

Once the new restriction conditions are established the pre- 
cipitated amount of sulfate is compensated by the seawater 
inflow and its concentration in the brine reaches a steady state 
(Table 3 ) This trend is clearly different from that calculated 
in closed systems where the S34S and 6’*0 values decrease 
continuously as evaporation progresses. Developing Eqn. 3 
with constant volume and the steady state condition for the 
isotopic composition the following expression is obtained: 

QSWCSW(~~~SSW - A) 

634s II 
+ QRWCRW(~~~&W - A) - Q~_cd 

B 
Qswcsw + QRWCRW 

? (4) 

where A is the sulfur enrichment value, which is assumed to 
be a constant value (A) through evaporation and equal for all 
the sulfates precipitated. A similar expression can be obtained 

0 2 4 6 8 

thickness (m) 

FIG. 5. Evolution of the calculated isotopic composition of precip- 
itated sulfate with respect to the thickness of the Basal Anhydrite 
Unit (BAU) and the lowermost part of the Lower Halite Unit (LHU). 
Hydrological parameters used in the simulations: (a) Qsw/(Qsw 
+ QRW) = 1, Q~dQsw + QRW) = 0, QJQE = 0.13; (h) Qsw4Qsw 
+ QRW) = 0.8. QRwKQ~w + QRV,) = 0.2. QJQE = 0.13. 

for the 6’*Os value. As pointed out above, values of QL/QE 
between 0.1 and 0.02 lead to the formation of the Lower Hal- 
ite Unit in a steady state brine composition and the condition 
for isotopic composition is also fulfilled (Fig. 5). However, 
the Lower Halite Unit can also be formed under conditions 
of no steady state ( QL/QE < 0.02). On such case the value 
of cs and the rate of precipitation of sulfates (anhydrite and 
then polyhalite) are not constant. The influence of these 
changes in the S34S, and S’*Oe values, however, is very small 
and the isotopic composition reaches a quasi-steady state 
(Fig. 5). Hence, the isotopic composition of the sulfates 
found throughout the Lower Halite Unit can be explained by 
seawater evaporation with a moderate to high degree of re- 
striction (QJQr = 0.1 to 0). 

Seawater has been assumed to be the only recharge in the 
above discussion. Evaporation processes with minor propor- 
tions of continental inflow would also lead to the formation 
of mineral associations similar to those observed. However, 
as the sulfate concentration in seawater ( csW) is one order of 
magnitude higher than that of river water ( cRW), the influence 

Table 3.- Composition of inflow water used in the calculations (in mmol/kg): SW) Average of the oceans (Holland et 
al., 1986); RW) river Guadalentin (M.O.P.U., 1990); HW) River water saturated in halite. Isotopic composition of 
sulfate dissolved in inflow water calculated from: SW) Mean of analyses of Upper Eocene selenites from the margins 
of the evaporite basin minus the isotopic enrichment factor; RW) Mean of analyses of Upper Triassic sulfates from 
Southern Pyrenees and lberian Peninsula (Utrilla et al., 1992); HW) Mean of analyses of sulfates intercalated in the 
Lower Halite Unit. 

I Na 1 K Mg I Ca I Cl 1 SO, 1 HCO, / 6=S 1 PO 1 

SW 468.0 10.2 53.2 10.2 545.0 28.2 2.4 20.0 8.7 

RW 15.8 0.5 5.7 5.5 13.6 5.4 1.8 13.5 11.8 

HW 5.9x103 0.5 5.7 5.5 6.0~10~ 5.4 1.8 20.3 9.5 
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of continental sulfate in the SX4SB and S’*O, values is not 
significant and has not been considered. 

Sulfate Isotopic Composition in Highly Evaporated Facies 

Continuing the evaporation under the same conditions that 
formed the Lower Halite Unit, with low or decreasing QJQr 
values, would yield the formation of sylvite and then camall- 
ite, together with halite, anhydrite, polyhalite, and carbonates. 
However, several sedimentological features indicate that a 
dramatic change in the hydrology of the basin took place at 
this stage. The noticeable shrinkage of the area occupied by 
the Potash Unit compared with that of the Lower Halite Unit 
in both Catalonia and Navarra depocenters points to an im- 
portant reduction in the volume of water in the basin. Drastic 
reduction in volume of water can only be achieved if the basin 
closes, totally or partially, to seawater recharge. The increas- 
ing amount of elastics at the top of the Upper Halite Unit and 
the general reddening of the sequence suggest the relative 
increasing importance of continental recharge. The type of 
sedimentation changed from massive halite to rhythmic inter- 
bedding of evaporites and elastics, confirming the cyclic char- 
acter of the recharge. Therefore, the basin shallowed until the 
air-brine surface was sufficiently small for evaporation to be 
only compensated by the recharge. Moreover, the proportions 
of contemporaneous sylvite/halite and camallite/halite ob- 
served in the Biurrun borehole and in the mining works of 
both the Catalonia and Navarra depocenters is always close 
to 1 / 1 and lO/ 1, respectively. Such proportions are obtained 
from the evaporation process referred to above with no sea- 
water inflow and, as discussed in detail in Ayora et al. ( 1994), 
higher values of QsW lead to mineral proportions richer in 
halite than observed. 

In order to examine the variation of the sulfate isotopic 
composition during evaporation under the recharge con- 
straints described above, an initial brine with a solute concen- 
tration close to that precipitating the Lower Halite Unit was 
evaporated in two different continental recharge/evaporation 
ratios: no recharge and QRW = 0.5. In both cases the following 
succession of parageneses result from the calculations: halite 
+ anhydrite + (polyhalite) + carbonates, then sylvite + hal- 
ite + anhydrite + (polyhalite) + carbonates, and then ca- 
mallite + halite + anhydrite + (polyhalite) + carbonates. 
This succession and the relative proportions of minerals match 
those observed in the Biurrun borehole and the potash depos- 
its mined in the region. The basin was assumed to be com- 
pletely restricted ( Qi_/QE = 0) in both cases. Since kieserite 
and bischoffite have never been described in the area, the 
evaporation was stopped before the Mg-sulfates formation 
was reached. This is equivalent to a reduction of 80% of the 
initial volume of the basin (AV/V = -0.8). As already 
pointed out in the description of the numerical model, the 
calculated thickness of mineral deposits also depends on the 
effective depth of water assumed in the basin. The average 
depth of water was arbitrarily fixed to form 9 meters of Potash 
Unit (the thickness intersected by the Biumm borehole). 

The evolution of the isotopic composition of sulfates 
formed in the two different evaporation conditions show a 
similar decrease in the b3?j and S’*O values due to the pre- 
cipitation of sulfates not compensated by an equivalent inflow 

of sulfate (limited reservoir effect). Since the volume is not 
held constant a new steady state is not expected. Some of the 
5?G values and, particularly those of 6180 (due to the larger 
fractionation factor of oxygen), clearly show the limited res- 
ervoir effect (Fig. 6) and confirm the evaporation conditions 
previously assumed. 

The remainder of the analyses, however, do not match the 
calculated trend and deserve further discussion. The analyses 
with 614S and ??I80 values higher than predicted can only be 
explained if a new recharge with high 634S and 6’*0 values 
flows into the system. Due to the decreasing level of water in 
the basin, part of the already formed evaporites (mainly the 
Lower Halite Unit) could result exposed to dissolution and 
recycling by ground and surface waters. A new inflow QHw 
with the 6’+‘S and 6’*0 values for the sulfates interbedded in 
the Lower Halite Unit has been considered (Table 3 ) The 6 
values of this recharge, together with the effect of enrichment 
during mineral precipitation, may account for the 634S and 
S “0 values observed in some samples. On the other hand, as 
will be discussed for the Upper Halite Unit, the analyses with 
SX4S and S180 values, respectively, lower and higher than pre- 
dicted, found at the top of the Potash Unit, can only be ex- 
plained by an important inflow of river water QRW with sulfate 
of Triassic signature (Table 3 ) . Tentative calculations have 
been unsuccessful in modeling accurately the dispersion of 
the S values analyzed, probably due to the oversimplifications 
made in the theoretical model. Thus, the assumption of com- 
plete mixing and compositional homogeneity is not realistic 
for highly evaporated brines as proved by experiments and 
observations in nature (Sonnenfeld, 1984). 

Sulfate Isotopic Composition Resulting from Recycling 
Older Evaporites 

As described in detail in Ayora et al. ( 1994) the dilution 
of the residual brine by the increase in the proportion of the 
continental recharge accounts for the end of camallite precip- 
itation and for the solute proportions of the fluid inclusions 
from the base of the Upper Halite Unit. Once the dilution is 
achieved, the Upper Halite Unit can be formed by evaporation 
of the brine with continental recharge replacing an equal evap- 
orated volume. However, the proportion of the two continen- 
tal inflows, QRW and QHW, are not constrained by the para- 
geneses and the fluid inclusion composition. 

The uppermost anhydrite samples show 634S and S “0 val- 
ues close to the isotopic composition of Upper Triassic sul- 
fates (Table 3 ) The Triassic source has already been pointed 
out for the sulfate from other localities in the Ebro basin 
(Bimbaum and Coleman, 1979; Utrilla et al., 1992). The rest 
of samples from the Upper Halite Unit show 634S and 6 “0 
values to plot between the Upper Triassic sulfates and those 
recorded for the Eocene sulfates from the margins of the basin 
and from the Lower Halite Unit (Table 3). This is specially 
evident in the case of sulfur where the difference in the ex- 
treme 5?S values reaches 9%0. Assuming an Upper Triassic 
isotopic signature for the sulfate in the river water inflow 
( QRW), and that of sulfate in the Lower Halite Unit for the 
recycling inflow ( QuW), the isotopic composition of the an- 
hydrite intercalated in the Upper Halite Unit may give some 
indication on the relative proportions of the recharge. 
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FIG. 6. Evolution of the calculated isotopic composition of precip- 
itated sulfate with respect to thickness (elastics excluded) correspond- 
ing to the formation of the Potash Unit. Hydrological parameters used 
in the simulations: (a) Qrov/QE = 0, Qmv/Qs = 0; (b) Qrov/Qe = 0.5, 
Qww/Qs = 0. QL = 0, and QsW = 0 assumed for all the calculations. 

Unfortunately, the slope of the calculated trend of the 6 34S 

and S”O values with respect to the thickness of the sequence 
depends on many unconstrained parameters and cannot be 
successfully modeled. However, some of these uncertainties 
can be overcome if steady state for the 6 34S and 6 I80 values, 
such as that observed in the uppermost half of the Upper Hal- 
ite Unit, is reached (Table 3 ) According to Eqn. 4, the 634S, 
and 6 180t, values for the brine are mainly dependent on the 
proportion of the sulfate masses in the recharge, in this case 
( QRw ‘cRw) and ( QHw .cnw). This is evidenced by the calcu- 
lated trends in Fig. 7, where those corresponding to values of 
QRw = 0.8 and Quw = 0.2 match the analyses from the up- 
permost half of the Upper Halite Unit. As a first approxima- 
tion, equal values for cRw and cHw have been assumed in the 
calculations (Table 3 ). Since a higher amount of sulfate is 
expected in the water from the Eocene-recycling recharge, the 
calculated QW value of 0.2 must be considered a maximum 
value for this inflow. 

As expected from Eqn. 4 uncertainties in the initial 6%S 
and 6 I80 values are not involved in the calculations at steady 
state. Moreover, the effective depth of water and the thickness 
of sequence accumulated may change the slope of the 634S 
and 6’*0 vs. thickness plots in transient states, but has no 
influence under steady state conditions. On the other hand, 
variations in the isotopic composition of the Upper Triassic 
sulfate may also have some effect on the calculation of the 
QRw and QHw proportions. Calculations taking into account 
the statistical variability ( 5 la) in the Upper Triassic sulfate 
composition from the Pyrenees and Iberian Peninsula enlarge 
the range of uncertainty in the inferred QRw values from ap- 
proximately 0.7 to approximately 0.9. The S”S values of the 
two uppermost samples of the sequence plot outside the range 
of variability and indicate that an increase in the QRW could 
have taken place at that time. 

I I 
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FIG. 7. Evolution of the isotopic composition of precipitated sulfate 
with respect to thickness (elastics excluded) corresponding to three 
different proportions of recharge for the formation of the Upper Hal- 
ite Unit. Initial 6?‘3 and 6’sO values equal to those of the Eocene- 
recycling isotopic composition and an effective depth of water of 10 
meters have been assumed. Hydrological parameters used in the sim- 
ulations: (a) Q&Qs = 0, Q&Qa = 1; (b) QRW/Qn = 0.8, QHWIQE 
= 0.2; (c) QRw/QE = 1, QnW/Qs = 0. QL = 0 and QsW = 0 assumed 
for all the calculations. Evolution under option (c) does not form 
sufficient sequence thickness but imaginruy 634S and 6’sO trends have 
been represented as a reference. 

CONCLUSIONS 

The conclusions arising from this study refer to the hydro- 
logical regime of the basin at the stage of evaporite formation. 
Moreover, general conclusions with implications for the evo- 
lution of other evaporite basins and for the isotope geochem- 
istry of sulfates have also arisen. 

Two main stages, marine and continental, have been dis- 
tinguished in the development of the studied basin. Both 
stages have been outlined by the isotopic record which has 
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FIG. 8. Plot of analyzed values and calculated evolution of the 
isotopic composition of precipitated sulfate with respect to the thick- 
ness of the Biurrun borehole (elastics excluded). The evaporation 
conditions are described in the text. The dotted line represent the 
calculations for a process of dilution of the brine residual from potash 
formation by a sudden inflow of Eocene-recycling water, it is not 
constrained and is plotted as an example. 
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added conclusive information to that obtained from mineral 
parageneses, particularly in the segments of the sequence 
where the 6 “‘S and S “0 values remain constant (Fig. 8 ) . The 
first stage corresponds to the formation of the Basal Anhydrite 
and Lower Halite units. The mineral sequence corresponds to 
the evaporation in a basin with a progressive degree of re- 
striction, and evaporation compensated by equal inflow of ma- 
jor marine origin. The h3“S and 6 ‘“0 values of the two low- 
ermost samples from the Basal Anhydrite Unit can only be 
explained if bacterial sulfate reduction is assumed. The sharp 
decrease in the 5 ?3 and particularly the 6 ‘“0 values recorded 
at the end of the Basal Anhydrite Unit illustrate a limited 
reservoir effect produced by the increase of restriction leading 
to the precipitation of halite. Assuming that in a basin open 
to the sea the continental inflow represents a minor portion of 
the recharge, the constant 6“‘s and 6 “0 values measured in 
the sulfates through the Lower Halite Unit are consistent with 
the isotope composition of upper Eocene seawater calculated 
from the values of the marginal gypsum. 

The second stage of the basin evolution corresponds to the 
formation of the Potash Unit and the Upper Halite Unit. This 
stage developed after disconnection of the basin from the sea. 
The samples intercalated in the sylvite show 674S and 6i80 
values to sharply decrease (limited reservoir effect), consis- 
tent with evaporation occurring during decreasing volume of 
water. The variability of the isotopic values of the rest of 
sulfates intercalated in the Potash Unit has not been success- 
fully modeled. Nevertheless, they suggest the influence of the 
recycling of both Upper Eocene and Upper Triassic sulfates. 
The dilution of the residual brine by continental recharge 
stunts the formation of camallite. The isotope composition of 
the sulfates from the Upper Halite Unit is consistent with a 
basin evolving under an endorreic regime with both upper 
Eocene and upper Triassic-recycling recharges compensating 
evaporation. Since the 634S and 5”O values from the upper- 
most half of the unit indicate that a steady state was reached, 
an approximate proportion of 80% (total mass of su!fate) of 
Upper Triassic-recycling source and 20% of Eocene-recycling 
source is inferred. This steady state clearly indicates that an 
hypersaline lake with constant volume of brine was estab- 
lished. 

Taking into account that the basin evolves towards a pro- 
gressive increase in the degree of restriction, the 634S and 6 ‘“0 
values of the selenitic facies of the margins, higher than those 
of the rest of the described sequence, indicate that the precip- 
itation of the marginal sulfates preceded that of the basal an- 
hydrite in the depocenter. 

The present study has also led to conclusions on the isotope 
geochemistry of sulfates from evaporitic sequences in a much 
broader scope than the studied basin. To date the reservoir 
effect of Rayleigh-type has usually been considered to explain 
the variation of 634S values of sulfates in evaporitic sequences 
(e.g., Holser and Kaplan, 1966; Nielsen, 1978; Claypool et 
al., 1980). The data of the present study are not adequately 
described by such a closed-system model. The model hereby 
presented is based on a more realistic hypothesis of an open 
basin. Hence, the model considers a variable recharge flowing 
contemporaneously with evaporation, and it is able to predict 
the observed thickness of sediments and incorporates the ef- 
fect of the recycling of older evaporites. 

The determination of 5 34S has to date deserved most of the 
attention in the isotopic studies of sulfates. More recently, it 
has also been recognized that coupling both the 6 34S and 5 “0 
values will noticeably improve the quantification of processes 
affecting evaporite basins and at a much larger scale the sulfur 
cycle (Krouse, 1980; Longinelli, 1989; Holt and Kumar, 
1991). It has been evidenced in this study that, due to the 
larger fractionation factor of oxygen, the 6 I80 values are more 
useful in describing processes involving sulfate crystalliza- 
tion. Moreover, due to the different behavior of sulfur and 
oxygen, the 6 ‘“0 values may also become important in con- 
firming processes of bacterial sulfate reduction. 

The variation in the isotopic composition of sulfates 
throughout the entire evaporite sequence has been modeled 
applying the fractionation factors proposed by Thode and 
Monster ( 1965 ) for sulfur and Lloyd ( 1968) for oxygen. The 
good agreement between the calculations and the measured 
values throughout the Lower Halite Unit confirms (within the 
range of the analytical error) the validity of these fractionation 
factors for anhydrite and polyhalite. Furthermore, according 
to our data from the Lower Halite Unit and from the lower 
part of the Potash Unit, there is no need to assume a change 
in the fractionation factor of sulfur and oxygen, such as pro- 
posed for sulfur by Raab and Spiro ( 1991), during the pre- 
cipitation of sulfates of highly evaporated facies. 

In the sequences strongly conditioned by the marine inflow, 
the evolution of the 15’~s and 5”O values calculated by the 
model are based on hypothetical values for seawater recharge. 
Therefore, the required agreement between the calculated and 
analyzed values may also constrain the isotopic composition 
of the oceanic sulfate for a particular age. Hence, an accurate 
identification of the different processes involved in the for- 
mation of a particular sequence and a measurement of the 
degree of restriction of the basin with respect to the sea are 
needed. In this way, the model allows to refine the isotope 
age curves of ocean sulfate presented in previous papers (Hol- 
ser and Kaplan, 1966; Nielsen, 1972; Claypool et al., 1980), 
that are based on a mean of measurements or corrections with 
respect to a closed-system evaporation. The present work also 
shows that the S’?3 and 6”O values of sulfates from highly 
evaporated facies (potash-bearing facies), and those involv- 
ing recycling of sulfates from other ages should not be con- 
sidered in the calculation of the isotopic composition of sea- 
water sulfate. 
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